In this study, the performance of two aerobic sequencing batch reactors (SBR) in removing carbon and nutrient (N & P) from Faraman's industrial estate wastewater (FIW) with flocculated and granulated sludge was compared. The comparison study was performed by varying two significant independent variables (aeration time and mixed liquor volatile suspended solids (MLVSS)). The experiments were conducted based on a central composite design (CCD) and analyzed using response surface methodology (RSM). The region of exploration for the process was taken as the area enclosed by aeration time (6-24 h) and MLVSS (2000-7000 mg/L) boundaries. The results showed that the granulated sludge system was more efficient than the flocculated sludge system in removing the nonbiodegradable COD (nbCOD), total nitrogen (TN), total phosphorus (TP) and other sludge studied characteristics. The performance of both systems was almost the same for COD removal in FIW with a maximum removal of about 70 %.
Industrial wastewater causes severe hazards to receiving water bodies and indirectly threatens human health. Therefore, the release of such wastewaters is firmly Table 1 shows a summary of types of reactors used for biological treatment on various types of industrial wastewaters [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . From Table 1 , it can be concluded that despite applying two bioreactors, the COD removal efficiencies are still low except for the food industrial effluents, implying remarkable inhibiting impact of nonbiodegradable COD (nbCOD) on the process performance. Nutrient removal from wastewater is of vital importance as the discharge standards have been more stringent. Many physico-chemical and biological methods are used to remove nitrogen compounds; however biological methods are of more attention because of their lower cost and reliability. Basically, biological nitrogen removal (BNR) consists of nitrification and denitrification processes.
Simultaneous nitrification-denitrification (SND) is usually performed in a single reactor for deletion of nitrogen compounds from wastewater with smaller reactor volume, lower energy consumption and easier operation [14] [15] [16] .
Phosphorus can be removed in biological treatment by repetitive operation of anaerobic and aerobic steps by polyphosphate accumulating bacteria (PAOs) in the form of poly-p. Accordingly, alternating oxygen conditions are needed to remove nitrogen and phosphorus simultaneously with traditional activated sludge. However, the integrated N and P removal in single aeration basins can occurr in the presence of anaerobic zone in dense aerobic activated sludge [14] .
Aerobic granule technology has been investigated for over 10 years for wastewater treatment. It is noted that biogranules can not occur naturally, and they must be cultivated in specific conditions with strong selective pressure. Many have reported that aerobic granules can be typically achieved in sequencing batch reactors (SBR) [17] [18] [19] [20] . In comparison with conventional activated sludge, aerobic granule has regular and compact physical structure, diversified microbial species, good settling property, high biomass retention, and great ability to withstand shock load or shock of toxic compounds. Therefore, aerobic granule is becoming a promising technology for wastewater treatment [23] [24] [25] [26] .
The role of microbial aggregations form (flocculated and granulated structure) in an aerobic treatment system removing nbCOD and nutrients from an industrial estate's wastewater with low BOD/COD ratio has not been studied up to this date. Therefore, this study was aimed to compare the performance of granulated and flocculated sludge in CNP removal from FIW in two parallel SBRs.
In addition to the process analysis, a general factorial design was employed to describe and model eight significant responses as a function of two independent variables, aeration time and mixed liquor volatile suspended solids (MLVSS). The process responses selected are total COD (TCOD) removal, BOD removal, nbCOD removal, total nitrogen (TN) removal, total phosphorus (TP) removal, sludge volume index (SVI), settling velocity and effluent turbidity. Table 2 . COD:N:P ratio of the FIW was almost 100:15:2.
Granule Cultivation
The original biomass aggregation collected from Faraman's industrial estate wastewater treatment plant was in the form of conventional flocs. A bubble column type reactor with a working volume of 2L was used for granule cultivation. The reactor was inoculated with activated sludge taken from the industrial wastewater treatment plant. The reactor was initially operated in 4-h cycles with 30 min settling time and 210 min aeration time. The settling time was stepwisely shortened to 5 min during the granule cultivation. At the beginning of every cycle, a certain amount of synthetic wastewater (about 1.5 L) was added from the top of the reactor, and the effluent was drawn at the bottom of the reactor and the volumetric exchange ratio increased from 55 to 77% during the granule cultivation. In order to enhance granule formation, a synthetic wastewater was used in this stage. The composition of the synthetic wastewater used was as follows: acetate, 500 mg/L; sugar, 500 mg/L; MgSO 4 .7H 2 O, 200 mg/L; CaCl 2 .2H 2 O, 10 mg/L. The cultivation phase lasted for 40 days.
3. Bioreactor Con iguration and Operation
The schematic diagram of two identical SBR systems is shown in Figure 1 . These systems were designed in the form of column for a working volume of 2 L with internal diameter of 8.5 cm and total height of 36 cm. Air was supplied into the reactors by blower and two fine air bubble diffusers from the bottom of the columns. The dissolved oxygen (DO) concentration was maintained at about 7 mg/L. The difference between the two systems was the type of sludge in the system as shown in Figure 1 . So, one system was operated with granulated sludge (GSS) and another system was operated with flocculated sludge (FSS). The industrial wastewater was introduced from the top of the reactors.
The following conditions were applied to the SBRs: a. Filling time of 10 min b. Mixing without aeration for 40 min, in order to develop anaerobic condition c. Aeration time (6-24 h) d. Settling and drawing for 40 min and 10 min, respectively In each cycle, after settling, about 1.5 L of the supernatant was taken for analysis, and the volume was substituted with fresh wastewater. Anaerobic condition was continuously ensured by monitoring the DO level after 20 min (about 40 min under anaerobic condition). In order to control the DO level in the reactors, an air flow meter and a flow adjustment valve were used for each reactor. The intermittent aeration was supplied by installing a timer on the blower. The process was also operated with safety factor, whereby the solids retention time per cycle time was greater than 40. The volatile fraction of biomass content was determined by measuring VSS. The ratio of MLVSS to MLSS obtained about 0.7 in average. 
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(version 7.0). Two independent effective variables, aeration time and MLVSS concentration, were selected in the experiment design. The range and levels of the variables in coded and actual units are given in Table 3 . The two operating variables were considered at five levels based on α=0.45.The CCD alpha (α) value is the distance that the star points are located from the center of the design space. It provides two additional experimental points between or beyond the studied range. The allowed range is 0.1 to 6.0. In the basis of the factorial design, 13 experiments (including 4 factorial points, 4 axial points, 1 center point and 4 replications of the center point) were designed. TCOD removal, BOD removal, nbCOD removal, TN removal, TP removal, final turbidity, SVI and settling velocity were measured or calculated as responses. The experimental conditions and results obtained are shown in Table 4 . (1) where, i and j are the linear and quadratic coefficients respectively, and ß is the regression coefficient. P value with 95 % confidence level was considered to evaluate the effectiveness of the model terms.
5. Analytical Methods
The concentrations of chemical oxygen demand (COD), biological oxygen demand (BOD), total Kjeldahl nitrogen (TKN), nitrate, TN, phosphate, MLSS, mixed liquor volatile suspended solid (MLVSS),SVI and settling velocity were determined using standard methods [28] . In this study, the nbCOD was calculated as TCOD-BOD.
A colorimetric method with closed reflux method was developed for COD. Spectrophotometer (DR 5000, Hach, Jenway, USA) at 600 nm was used to measure the absorbance of COD samples.
TKN was determined by TKN meter Gerhardt model (Vapodest 10, Germany). The DO concentration in wastewater was determined using a DO probe. DO meter was supplied by WTW DO Cell OX 330, electro DO probe, Germany. Turbidity was measured by a turbidity meter model 2100 P (HachCo,USA).
RESULTS AND DISCUSSION

1. Microbial Granulation
The original biomass aggregation collected from Faraman's industrial estate wastewater treatment plant was in the form of conventional flocs. Figure 2 represents the biomass appearance in the duration of the granulation process. Figures 2a and b show the floccultated sludge. As it is observed in Figure 2 , by progressing time the number of integrated flocs formed as pinpoint increased along with the enlargement in their sizes. Scanning electron microscopy (SEM) images of the granules grown after 60 days are presented in Figure 3 . From the SEMs, majority of the microbial population in the granule is Coccus with spherical shape which is related to the type of substrate used for cultivation.
Previous reports confirm the findings obtained in this study, dominating non-filamentous and very compact bacteria in the granules grown on acetate [29] .
2.
Process Performance
2. 1. Carbon removal: -TCOD removal:
The ANOVA values for TCOD removal efficiency are shown in Table 5 . The experimental data were fitted to two reduce quadratic models for GSS and FSS systems. In GSS, MLVSS content (A), aeration time (B) and A 2 were significant model terms, whereas, A and B were significant model terms in FSS. From the regression models, it is clear that MLVSS content affects more on FSS compared to GSS. Figure 4a In order to evaluate the process kinetics, specific substrate utilization rates (U) for GSS and FSS in different conditions were calculated ( Table 6 ). The maximum of U (corresponding to maximum treatment capacity) for GSS and FSS were obtained to be 0.446 and 0.48 gCOD rem /L.d, respectively at MLVSS of 2000 mg/L and aeration time of 6h. -BOD and nbCOD removal The major problem associated with the biological treatment of industrial wastewater is non biodegradable fraction of COD (nbCOD) which inhibits the treatment performance of the bioreactors. In order to investigate the bioreactors performance removing nbCOD, the nbCOD and BOD concentrations at influent and effluent were monitored throughout the experiments. BOD/COD ratio constitutes a good measure of the biodegradability of a wastewater and contaminants. BOD 5 /COD ratio of ≥0.4 is generally accepted as biodegradable [32] . Literatures stated that BOD/COD ratio for industrial estate wastewaters is www.SID.ir varied from 0.17 to 0.74 [33] . The ratio for FIW was in the range of 0.31-0.5. Figure 5a and 5b represent the BOD and nbCOD removal efficiencies at different conditions for the GSS and FSS systems, respectively. The figures have been drawn accordingly using the data presented in Table 4 . In overall, the GSS showed to be more efficient in removing nbCOD (20-80 % versus 20-60 %). This was owing to the synergistic relationship among the various species in the microbial aggregations in the form of granule which led to a higher decomposition of nbCOD contents [29] . Whereas in the FSS, as the microorganisms are directly subjected to the substrate, the biodegradable fraction of COD are preferred to be consumed [34] .
Maximum nbCOD removal efficiency of 80 % was achieved at a condition with MLVSS and aeration time of 4500 mg/L and 19 h, respectively (no. 6). Lower efficiencies were obtained at the higher MLVSS concentrations (5600 and 7000 mg/L). This might be the cause of higher extracellular polymeric substances (EPS) consumption in the GSS compared to the FSS [18, 35] .Moreover, at lower MLVSS concentrations (2000 and 3400 mg/L) and high F/M ratio (about 0.4 gCOD/gVSS) caused a decrease in the response. For FSS, MLVSS concentration showed a positive effect on nbCOD removal, resulting in a lower F/M ratio. Furthermore, from Figure 5a and 5b it was noticed that an increase in aeration time caused an increase in nbCOD removal efficiency and also, a slight decrease in BOD removal at high nbCOD removal (no. 6). This is mainly due to less BOD consumption rate compared to nbCOD to bCOD conversion rate [36] .
1. 2. Nitrogen Removal
The ANOVA results for TN removal efficiency in the GSS and FSS are presented in Table 5 . Two reduced quadratic models describe the variation of the TN removal in the studied systems. A, B and A 2 were significant model terms for the GSS while in the FSS, the significant model terms were determined to be A, B, B 2 and AB. Figures 6a and 6b show the interactive effects of the variables on the response. From this figures it was observed that the maximum values of TN removal efficiency were found to be 47.50 % and 36.39 % for the GSS and FSS, respectively. Figure 6a depicts an increase in the response as a result of an increase in MLVSS concentration. This was due to an anoxic zone development inside the granules resulted from limitation in O 2 transfer to the biomass aggregations [37] . In the FSS (Figure 6b ), simultaneous increase in the factors caused an increase in the response, emphasizing that with addition of MLVSS concentration and aeration time, a remarkable impact was observed on the response. There is an established matter about inverse relationship between MLVSS and O 2 concentrations, which is again confirmed in this work [38] . It should be highlighted that the O 2 level in the systems at the late hours was more comparative with conditions with higher organic loads (with a difference about 2-3 mg/L). 
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Furthermore, it must be noted that about 30-35 % of the TN removal was related to the cell growth. As it was expected, TN removal in the GSS was higher than the values obtained in this study. The low performance of the GSS could be convinced by two reasons; (1) high dissolved oxygen supplied (about 7 mg/L) and (2) small size of the granules formed (< 0.5 mm). Kreuk et al. (2005) proved that TN removal efficiency in the GSS is strongly depended on the granules diameter [19] . This type of observation was prominently found for GSS in real industrial wastewater, where the granules were gradually disintegrated. However, for GSS fed with synthetic wastewater (acetate and fructose) the granules growth was considerably better.
1. Phosphorus Removal
As a granular sludge process was used in the present work, TP removal in the aerobic GSS is probably expected. Therefore, TP removal was determined as a response in this study. Two modified quadratic models described the response variations as a function of the variables in both systems. From the ANOVA results presented in Table 5 , A, B and A 2 were the significant model terms for the GSS while for FSS, A and B 2 were the significant model terms. Figures 7a and 7b demonstrate the response versus the variables. In the GSS, as MLVSS increased from 2000 to 4500 mg/L, TP removal efficiency was increased. Further increase in the MLVSS resulted in a decrease in TP removal. It seems that low BOD loading was the cause of decrease in TP removal [39] . Figure 7a shows that for GSS, the aeration time had almost no impact on the response. 6 hours of aeration time was sufficient to achieve highest TP removal percentage. In the FSS, by increasing the aeration time from 6 to 15 h the TP removal efficiency was also higher and this was due to an increase in phosphorus uptake at a longer aeration time [40] . On the other hand, at aeration times longer than 15 h, the trend was inversed. This was owing to deactivation of PAOs originated from inadequate poly hydroxy butyrate (PHB).
The maximum values of TP removal efficiency were found to be 70.77 % and 73.04 % for GSS and FSS, respectively. The relatively high efficiency of TP removal for both systems could be attributed to the low initial phosphorus concentration (about 20 mg/L). 16 
1. 4. Effluent Turbidity
Turbidity as a process control parameter indicates the system performance as well as sludge characteristics. From the modified quadratic model presented in Table 5 , the MLVSS concentration was found to be the most significant variable. The effects of the variables on the response for the GSS and FSS are shown in Figures 8a and 8b , respectively. As noted in the figures, aeration time had no significant impact on the response. A slight increase on the response in GSS for aeration time in the range of 6 h to 15 h was due to a decrease in F/M ratio which stimulates the growth of filamentous microorganisms. Similar findings were reported in the literature [41] . Figure 8a and 8b demonstrate a lower turbidity reading with an increase in MLVSS and a lesser intensity for GSS. The range of the effluent turbidity obtained for GSS and FSS were 19.32 to 63.32 NTU and 5.57 to 100.61 NTU, respectively. FSS showed a better effluent clarification at MLVSS>2000 mg/L. It is known that at the higher MLVSS the fraction of suspended solids in the sludge cannot be trapped by the granules. As a result, the performance of the GSS in settling the suspended solids at high MLVSS has not been as efficient as obtained in the FSS, implying ascendancy of sweeping mechanism at higher levels of MLVSS in the form of floc [42] . A similar finding was reported by Yilmaz et al. [43] .
1. 5. Sludge Volume Index (SVI)
From the ANOVA results for SVI presented in Table 5 , A and B 2 were observed as significant model terms for the GSS, while for the FSS, A is the only significant term with the first and second order effects. Figure 9a and 9b represent the variation of SVI as a function of the variables in the systems. The results showed that the SVI for the granular sludge was more stable compared to the flocculated one. As observed in the figures, SVI values obtained in GSS (33-63 mL/g) were smaller than those in FSS (66-105 mL/g), indicating a smaller reactor volume required for the GSS compared to FSS. Aeration time showed an inverse impact on SVI in the GSS. Increasing the factor from 6 to 15 h led to a decrease in the response that yield more compact and denser aerobic granules [20] [21] . Further increase in the aeration time (15 to 24 h) showed an increase in the response. This might be the cause of deficiency in the biodegradable substrate in this condition, which lead the granules to disintegrate [22] . Minimum amount of SVI (33 mL/g) was obtained at the aeration time and MLVSS of about 15 h and 7000 mg/L respectively. In FSS (Figure 9b ), SVI increased with an increase in MLVSS concentration from 2000 to 5000 mg/L. It indicates decreasing impact of high biomass concentration on the flocs compactness caused by low F/M ratio [38] .
1. 6. Settling Velocity
Observations on the interface of the settling region at different MLSS concentrations showed that the rate of water transfer above the sludge was enhanced by microbial granulation. From the models in Table 5 , the significant model terms for GSS were A and A 2 for FSS, indicating that aeration time in the studied range had no impact on the systems for settling velocity. Figures 9c and 9d demonstrate simultaneous effects of the variables on the response for both systems. The trend represented in both figures, confirms the typical relationship between gravitational solid flux and suspended solids concentration [42] . The data showed that at the same suspended solid concentration, the settling velocity for the granulated sludge is larger than the flocculated sludge. It implies that the structural characteristics of microbial aggregation have a significant effect on the settling properties.
2. Improving Strategies for the Process Performance
In order to improve the process performance removing nutrients as well as minimizing
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the energy consumption, two solutions were derived from this study. One; operating the systems with a lower DO level by reducing the rate of aeration and the other one; operating the systems with intermittent aeration regime. Therefore, to validate the performance additional experiments were conducted.
In this section, the GSS and FSS treating the FIW were examined at 4500 mg/L of MLVSS and 15 h of aeration time and with different aeration strategies (extended aeration with DO≈3 mg/L, and intermittent aeration with 40 min/h). In order to analyze and compare the process performance of the systems, the responses were measured and tabulated in Table 7 .
From Table 7 , it can be deduced that reduction in the oxygen level from 7 to 3 mg/L with extended aeration mode resulted in decrease in TCOD, nbCOD and BOD removal efficiencies for both systems. This was because of the less oxidation. However, this level of DO did not show any significant impact on TN removal.
The amount of phosphate uptake normally depends on the concentration of DO in the granulated sludge because DO provides an anoxic zone rather than aerobic zone at low concentration. The experimental results showed that the TP removal decreased from 84 % to 22 %. The same trends were reported in the literature [19, 44] . The oxygen concentration had diminutive effect on TP removal in the FSS.
The effluent turbidity and SVI were considerably improved in low O 2 concentration in GSS, implying more favorable condition compared to high DO concentration [22] . In the second step, the intermittent aeration applied (40 min/h) led to a decrease in TCOD, nbCOD, TP removal, effluent turbidity and SVI and an increase in BOD and TN removal efficiency in the both systems. It is concluded that by optimizing the operation conditions (cycle time and aeration time) under intermittent aeration, the process performance of the SBR removing CNP from the FIW can be improved. 33 
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Decrease in TCOD and nbCOD removal efficiencies was because of low biodegradability of the raw wastewater which needs longer aeration time. Whereas, decrease in TP was owing to denitrification prior to PHB accumulation by PAOs [39], proved by increase in TN removal efficiency.
CONCLUSIONS
The experimental work, along with the data analysis, led to the following conclusions. The results showed that GSS was more efficient compared to FSS in removing nbCOD, TN, and TP. GSS gave a better sludge characteristic. The performance of both systems treating FIW in terms of COD removal was almost similar (maximum in both system was approximately 70%).
The maximum values of TN removal efficiency were found to be 47.5 % and 36.39 % for the GSS and FSS, respectively. The FSS showed a better effluent clarification except at the low MLVSS (2000 mg/L) compared with the GSS system. DO reduction in the systems (especially for the GSS) improved TN removal. As a conclusion, by intermittent aeration, the BOD and TN removal from FIW in the SBR could be improved.
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